ABSTRACT: A series of polyfluorenes containing pendant poly(benzyl ether) dendritic wedges of different generations was synthesized via the macromonomer approach, and then they were characterized by their structures and properties. The dendritic monomers were prepared by coupling benzyl bromide functionalized dendrons with 9,9-bis(4-hydroxyphenyl)-2,7-dibromofluorene and were subsequently copolymerized with a 9,9-dioctylfluorene diboronate derivative by the Suzuki coupling reaction to give the target alternating copolymers. Photophysical studies reveal that the photoluminescent properties of the dendronized polymers are greatly affected by the size of the dendritic side chains. Polymers appended with higher generation dendrons exhibit an enhanced photoluminescence efficiency and an improved luminescent stability. This is attributed to the shielding effect induced by the bulky dendrimer side chains, which prevent self-quenching and suppress the formation of aggregates/excimers.
Introduction
Since the discovery of polymer-based light-emitting diodes (PLEDs) in 1990, 1 considerable progress has been made in the development of new conjugated polymers and in the performance of related LEDs. 2 Organic luminescent polymers are attractive due to the flexibility in fine-tuning their luminescent properties through the manipulation of chemical structures, along with the feasibility of utilizing spin-coating and printing processes for large area display devices. Polymers with large energy band gaps that emit blue light efficiently are of special interest; these materials are desired for full color display applications and also serve as energytransfer donors in the presence of lower energy fluorophores. 3 Due to their high photoluminescence and electroluminescence efficiencies, polyfluorenes are among the most promising candidates for blue-emitting polymers. 4 However, a major problem with polyfluorenes concerns their tendency to form long-wavelength aggregates/excimers in the solid state upon heating. 5 This leads to issues of color instability of the light emitted from LEDs fabricated with polyfluorenes.
Dendritic macromolecules are characterized by a central polyfunctional core, from which monomeric units with branching points arise successively. This results in a nearly entanglement-free, highly branched polymeric structure with a well-defined three-dimensional architecture. 6 Dendronized polymers, consisting of a linear, polymeric core appended with dendrons or dendrimers, form another class of macromolecules which is presently being given considerable attention. 7 There are two principally different synthetic routes to dendronized polymers. In the macromonomer route, the desired dendrons are attached to the monomer unit before polymerization. 8 In the attach-to route, the polymers which become the core in the final product possess anchor groups to either convergently or divergently attach a dense sequence of dendrons. 9 The dendronized approach has been applied to polymers with conjugated polymer backbones such as poly(pphenylene), 10 poly(p-phenylenevinylene), 11 poly(p-phenyleneethynylene), 12 and poly(thiophene). 13 Recently, Mü llen et al. reported polyfluorenes appended with polyphenylene dendrons, anticipating that the incorporation of the three-dimensional dendritic side chain to the light-emitting polymer would improve its luminescent activity. 14 While this paper was in preparation, Carter et al. reported the synthesis of dendronized polyfluorenes containing "Fréchet-type" dendrons, with their focal benzyl group directly bonded to the C-9 carbon of the fluorene units. 15, 16 Both groups demonstrated that the shielding effect provided by the dendritic side chains on the conjugated polyfluorene backbone suppresses the formation of aggregates/excimers. 14, 16 More recently, the Fujiki group reported an unsymmetrically substituted polyfluorene bearing a bulky poly(benzyl ether) dendron and a less bulky 3,6-dioxaoctyl group in the C-9 position and showed that this polymer gives a pure bluish photoluminescence with negligible excimer emission around 520 nm. 17 The facile functionalization at the C-9 position of the fluorene unit provides the opportunity to improve both the solubility and processability of the resulting polymers, while offering the ability to control interchain interactions, 14, 16 cross-linking, 18 and the charge-injecting or -transporting properties of the polymers. 19, 20 Herein, we report the synthesis and characterization of fluorene-based alternating copolymers containing poly-(benzyl ether) dendritic wedges as side chains, with their benzyl focal point attached through a 4-hydroxyphenylene spacer to the C-9 carbon in every alternating fluorene unit. The extended 9,9-bis(4-hydroxyphenyl)-fluorenyl core is easily accessible, and will offer the following advantages. First, it avoids the direct attachment of benzyl groups to the fluorene unit. The benzyl linkages at the C-9 position of polyfluorenes are potentially susceptible to photooxidation, which may cause polymer degradation and device failure in polymer LEDs. 2a,14 Second, the extended core reduces steric hindrance and offers easy access to the introduction of high generation dendrons with bulky frameworks into the fluorene unit. 21 In addition, the coupling of "Fréchet-type" dendrons with the extended fluorenyl core is readily available via the Williamson ether synthesis to afford the desired macromonomers. Third, the insertion of a rigid phenylene spacer between the dendritic side chain and the polymer backbone may lead to a more efficient shielding effect on the polyfluorene main chain, while not blocking the reaction sites of the macromonomer from the palladium-catalyzed polymerization reaction.
Results and Discussion
The general synthetic route to the dendritic monomers 3-GX (X ) 1-3) is illustrated in Scheme 1. The acid-catalyzed condensation reaction of 2,7-dibromo-9-fluorenone (1) 22 with excess phenol gives 9,9-bis(4-hydroxyphenyl)-2,7-dibromofluorene (2). This method resembles that used very recently by Mü llen et al. to attach the triarylamine substituents to the C-9 position of fluorene. 19 It provides a simple way to introduce hydroxyphenyl functionality to the C-9 position of fluorene. Subsequently, different generations of benzyl bromide-functionalized dendrons GX-Br (X ) 1-3), which were prepared according to well-known literature procedures by Hawker et al., 15 were coupled with compound 2 via the Williamson ether synthesis to afford the dendritic monomers 3-GX (X ) 1-3). The structures were verified by 1 H and 13 C NMR analysis and mass spectrometry. Figure 1a shows the 1 H NMR spectrum of monomer 3-G2. Resonances of the benzyl protons occur in the region 4.90-5.02 ppm, and separated resonances are observed for each "layer" of benzylic units. Two distinct AB-type doublets are found at δ ) 6.82 and 7.03, respectively, and are attributed to the protons of the phenylene groups attached to the C-9 of the fluorene ring. As the macromonomer moves to the third generation, resonances corresponding to each "layer" of benzyl units overlap. The relative integrations of resonances of benzyl groups and phenylene rings confirm the structures and generation numbers of the dendritic monomers.
The macromonomers 3-GX (X ) 1-3) were then copolymerized, respectively, with the diboronate 4 (Scheme 2), 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-dioctylfluorene, 23 by the Suzuki coupling reaction. 24 The copolymerizations were carried out using Pd(PPh 3 ) 4 as catalyst in a mixture of toluene and aqueous potassium carbonate (2.0 M), in the presence of aliquate 336 as a phase-transfer reagent. At the end of polymerization, the end groups of the polymer chain were capped by refluxing the reaction mixture for a period of 6 h each with phenylboronic acid and bromobenzene. The resulting polymer solutions were precipitated repeatedly into methanol-acetone and methanol several times to give alternating copolymers PF-GX (X ) 1-3), consisting of 9,9-dioctylfluorene and the corresponding dendronized fluorenes. The 1 H and 13 C NMR spectra of PF-GX (X ) 1-3) are consistent with the expected structure of the alternating copolymers. Figure  1b shows the 1 H NMR spectrum of PF-G2. The signals between δ ) 0.61 and 2.05 ppm are assigned to protons of the n-octyl chain (not shown in the figure). Resonances of benzyl protons and of aromatic protons occur in the regions δ ) 4.83-5.05 and 6.40-7.90 ppm, respectively. The resonance appearing at δ ) 6.87 corresponds to one of the doublets of the AB quartet of the phenylene rings; the other doublet of the AB quartet is obscured by other aromatic resonances. On the basis of the integration data of aliphatic, benzylic, and aromatic resonances, the structure of the polymer and the generation number of the dendron were confirmed. PF-GX (X ) 1-3) are readily soluble in common organic solvents, such as THF, chloroform, toluene, xylene, cyclohexanone, DMF, etc. The highly soluble nature of these copolymers is attributed to the presence of highly 1 H NMR spectra in the region of 4.5-8.0 ppm for (a) the macromonomer 3-G2 and (b) PF-G2 in CDCl3. / indicates a signal arising from CHCl3.
Scheme 2
branched dendrons, along with flexible n-octyl chains in the fluorene units.
The molecular weights of PF-GX (X ) 1-3) were determined by gel permeation chromatography (GPC) with THF as the eluent, calibrated against polystyrene standards. GPC analysis showed that the weightaverage molecular weights (M w ) and polydispersities (M w /M n ) of the polymers are in the range of (3.8-6.5) × 10 4 and 1.9-2.5, respectively, as shown in Table 1 . These values, however, should be taken as only indicative, since the backbone rigidity of the rigid, rod-type polyfluorenes studied may deviate strongly from that of the coillike polystyrene standards. 25 The data reveal that the degree of polymerization decreases as the size of the dendritic monomer increases. The same observation was also reported in the synthesis of the similar dendronized polyfluorenes. 16 The alternating copolymer PF-G3, which contains the sterically crowded G3-dendron, has the lowest degree of polymerization, D p ∼ 4 (M n ) 15 300), corresponding to eight coupled fluorene units. A comparison of the molecular weights of PF-GX (X ) 1-3) with those of the similar polymers made by Carter et al. shows that our approach leads to dendronized polyfluorenes with higher molar masses. 16 The thermal properties of PF-GX (X ) 1-3) were investigated by differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA), with the results presented in Table 1 . The glass transition temperatures (T g 's) of the dendronized polyfluorenes are in the range of 90-56°C, declining with increasing size of the attached dendrons. All the polymers exhibit high thermal stability, and their 5% weight loss temperatures in nitrogen are up to approximately 350°C. It was noted that PF-GX (X ) 1-3) exhibit higher T g 's and similar decomposition temperatures, in comparison with the dendronized polyfluorenes, which have the focal benzyl group directly attached to the C-9 position of the fluorene units. 16 The absorption and photoluminescence (PL) spectra of the dendronized, alternating copolymers in dilute solutions are presented in Figure 2 . PF-G1 and PF-G2 in THF solutions exhibit an absorption at 388-392 nm, which resembles the absorption of a high-molecular weight poly-2,7-(9,9-dioctylfluorene) (POF) (λ max ) 388 nm) and is assigned as a π-π * transition contributed from the polyfluorene backbone. On the other hand, the corresponding absorption of PF-G3 is blue-shifted to 380 nm, which is the same as the reported absorption (λ max ) 380 nm) for the fluorene oligomer with eight repeated units. 26 This result is consistent with the degree of polymerization for PF-G3, D p ) 4, estimated from GPC measurements. All dendron-functionalized polymers display an additional absorption at 278 nm, at which the absorbance increases as the dendritic generation grows. This absorption is contributed from dendritic wedges, since the dendritic benzyl alcohol G3-OH in THF have an absorption with λ max at 278 nm. As the emission maxima of fluorene oligomers remain virtually unchanged beyond six repeated units, 26 the PL spectra (λ exc ) 388 nm) of PF-GX (X ) 1-3), which represent the emission from the polyfluorene backbone, are almost identical and display a vibronic fine structure with two absorption bands at 417-419 and 439-443 nm. The value of the absorption and emission maxima for the dendronized polyfluorenes are similar to those for the alkyl-substituted polyfluorene, implying that the introduction of bulky dendritic wedges into the C-9 carbon of every alternating fluorene unit neither increased the torsion angle nor perturbed the conjugation of the polyfluorene backbone.
The fluorescence quantum yields (Φ FL ) of PF-GX (X ) 1-3) in THF solution (λ exc ) 365 nm) were estimated by comparison with the standard 9,10-diphenylanthracene (ca. 5 × 10 -6 M solution in cyclohexane, having a fluorescence quantum yield of 0.90), 27 with the results listed in Table 2 . These PL efficiency values are considerably dependent not only on the size of the dendritic side chain but also on the concentration of solutions. The [G3] and [G2]-functionalized copolymers exhibit higher PL efficiencies than their [G1] analogue. Figure  3 illustrates the variation of the PL efficiency with the concentration of solutions. The Φ FL value of PF-G3 stays near 1.0 over a rather wide concentration range, with absorbance at λ max (380 nm) changing from 0.02 to 0.12. While the Φ FL value of PF-G2 is also very high under dilute concentration (∼0.99 at abs 388nm ) 0.02), it dramatically drops by 83% when the solution is concentrated (absorbance at 388 nm increases to 0.12). In the case of the lowest generation PF-G1, the Φ FL Figure 2. UV-vis absorption and PL spectra (excited at 384 nm) in THF of (a) PF-G3, (b) PF-G2, (c) PF-G1, and (d) POF; also including (e) the absorption spectrum of the benzyl alcohol dendron G3-OH in THF. a The data in parentheses are the wavelengths of shoulders and subpeaks. b Solution fluorescence quantum efficiency measured in THF, relative to 9,10-diphenylanthracene (ΦFL ) 0.90). c PL quantum efficiency estimated relative to a sample of poly-2,7-(9,9-dioctylfluorene) (Φ FL ) 0.55).
value is 0.92 under dilute concentration and further drops to 0.70 upon concentrating the solution. These results demonstrate that the polymer backbone of polyfluorene containing higher generation dendrons is efficiently shielded and prevented from collisional quenching (concentration quench) in the photoexcited state, attributed to the steric effect of the bulky dendrimer side chain.
To further investigate the effects of the dendritic side chains on the packing of polymer chains, the photophysical properties of PF-GX (X ) 1-3) in the solid state were studied. Figure 4 shows the absorption and PL spectra of PF-GX (X ) 1-3) films spin-coated from toluene solutions onto quartz plates. In comparison to the corresponding dilute solutions, the absorption spectrum of the PF-G1 film is broadened and has a 2 nm red shift. PF-G2 and PF-G3 films show a 4-5 nm red shift without broadening in absorption bands. The emission spectra of the three polymers, however, exhibit a 5-7 nm red shift and do not show any sign of aggregate or excimer formation. The small red shift of the emission observed in solid state is probably due to the different dielectric constant of the environment. To examine the effects of the size of side chains on the thermal stability of the dendronized copolymers, the polymer films were heated on a hot plate at 150°C in nitrogen atmosphere for 20 h. The results are illustrated in Figure 4 . The absorption spectra of these polymers are nearly unchanged after annealing. The annealing of the PF-G1 film results in not only a significant reduction in emission intensity, but also the appearance of an additional emission band between 500 and 600 nm. In the case of PF-G2, the reduction in emission intensity and the appearance of the long wavelength tail is much less pronounced. The PL spectrum of the PF-G3 film, however, remains almost intact and no long wavelength emission is detected after thermal treatment. For comparison, the same experiments were conducted for the film of POF. Annealing of the POF film led to not only a spectral shift, but also the appearance of an additional emission band between 500 and 600 nm. It is apparent that the thermal stability of PF-G2 and PF-G3 is improved over that of POF, 5 which is due to the incorporation of bulky dendrons into the C-9 position of the fluorene units. The large dendritic framework is likely to encapsulate the conjugated backbone and prevent π-stacking interactions between polymer main chains, suppressing the formation of aggregates/excimers in the solid state. In the case of PF-G1, the [G1]-substituent is insufficiently bulky to completely shield the polymer backbone and, consequently, the long wavelength emission is observed due to the excimer formation. The incomplete suppression of long wavelength emission band with the first generation dendrons has also been seen for the similar dendronized polyfluorenes. 16 The shielding effect of the dendritic side chains on the polymer backbone is also reflected in the emission efficiency of the dendronized polymers. The solid-state fluorescence yields (Φ FL ) were estimated by comparison of the fluorescence intensity of the respective polymer films with that of a sample POF film (Φ FL ) 0.55, excited at 384 nm), 28 with the results listed in Table 2 . The comparison data indicates the dependence of the polymer's PL performance in the solid state on the size of the attached dendrons. PF-G1, which was incorporated with the small [G1]-dendron, exhibits the highest excimer formation tendency and possesses the lowest PL quantum yield (Φ FL ) 0.26). The PL efficiency of PF-G2 (Φ FL ) 0.58) is comparable to that of POF. PF-G3 shows a remarkably high quantum efficiency (Φ FL ) 0.75), attributed to the three-dimensional shielding effect of the bulky dendrimer side chains on the polymer backbone, leading to the minimization of self-quenching and an enhancement in PL efficiency.
Summary
Using the macromonomer approach, we have synthesized dendronized polymers consisting of a conjugated polyfluorene backbone appended with different generations of poly(benzyl ether) dendritic wedges. 15 The dendritic monomers were prepared by coupling "Fré-chet-type" benzyl bromide dendrons with 9,9-bis(4-hydroxyphenyl)-2,7-dibromofluorene (2) via the Williamson ether synthesis, and then copolymerized with the diboronate (4) by the Suzuki coupling reaction to afford the alternating copolymers. Photophysical studies revealed that the size of the dendrimer side chain has a significant influence on the luminescence activity of the dendronized polymers. The large framework of higher generation dendrons, such as [G3], is likely to sufficiently encapsulate the conjugated backbone as a "shell." This not only prevents self-quenching, but also suppresses aggregate/excimer formation, leading to an enhancement in PL efficiency and luminescent stability. These results demonstrate that PF-G3 is a promising candidate for blue-emitting polymer LEDs. The application of this polymer as an emitting material in electroluminescent devices is currently under study.
